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The level spectrum of a single-walled carbon nanotube rope, studied by transport spectroscopy,
shows Zeeman splitting in a magnetic field parallel to the tube axis.  The pattern of splittings im-
plies that the spin of the ground state alternates by ½ as consecutive electrons are added.  Other
aspects of the Coulomb blockade characteristics, including the current-voltage traces and peak
heights, also show corresponding even-odd effects.
PACS numbers:  71.70.Ej, 73.23.Hk, 73.61.Wp
The spin state of small multi-electron systems is an
important testing ground for our understanding of in-
teracting quantum systems. For N non-interacting
electrons in non-degenerate levels with spin, the sin-
gle-particle states are occupied in order of energy,
leading to a total spin S = 0 for even N and S = 1/2 for
odd N.  Coulomb interactions among the electrons can
alter this behavior, however.  In atoms, for example,
the exchange interaction among electrons in a shell
leads to Hund’s rule and a spin-polarized ground state
for a partially filled shell.  Recently, attention has been
focused on similar questions in quantum dots.  In
small 3D metallic dots, Zeeman splitting consistent
with an alternation between S = 0 and 1/2 was found
[1].  This may be understood within the constant inter-
action (CI) model [2], where the energy for adding an
electron is the non-interacting level spacing DE plus a
constant charging energy U.  On the other hand, in
two-dimensional dots evidence for spin polarization in
the ground state has been found in recent experiments
on both high symmetry [3] and low symmetry dots [4],
requiring explanations beyond the CI model.
Of considerable interest is the situation in 1D,
where Coulomb interactions are predicted to pro-
foundly influence the properties of the system [5].
Here exact theoretical results are available for many
model systems.  For instance, for electrons in a box in
strictly one dimension (1D), Lieb and Mattis [6]
proved that in spite of interactions the ground state has
the lowest possible spin.  In real systems, however, a
variety of factors, such as finite transverse dimensions,
multiple 1D subbands, and spin-orbit coupling, may
lead to a spin-polarized ground state.
Here we present measurements of the spin state of
single-walled carbon nanotubes, a novel quasi-1D
conductor where the current is carried by two 1D sub-
bands [7].  It has recently been shown experimentally
[8,9] that when contacts are attached, these nanotubes
behave as quasi-1D quantum dots.  Here we concentrate
n a very short (~200 nm) nanotube dot with a corre-
spondingly large level spacing.  To study the spin state,
we apply a magnetic field along the axis of the nanotube
and examine the Zeeman effects in the transport spec-
trum.  From the pattern of the spin splitting, we conclude
th t as successive electrons are added the ground state
spin oscillates between S0 and S0+1/2, where S0 is most
likely zero.  This results in an even/odd nature of the
Coulomb peaks which is also manifested in the asym-
m try of the current-voltage characteristics and the peak
height.  It may also be reflected in the excited state
pectrum.
The devices are made [9] by depositing single-walled
nanotubes [10] from a suspension in dichloroethane onto
1-mm thick SiO2.  The degenerately doped silicon sub-
strate is used as a gate electrode.  A single rope is lo-
cated relative to prefabricated gold alignment marks us-
ing an atomic force microscope (AFM).  Chromium-gold
contacts are then deposited on top using 20 keV electron
beam lithography.  An AFM image of a 5-nm diameter
rope (consisting of about a dozen tubes) with six con-
tacts is shown in the inset to Figure 1.  Leads labeled s
(source), d (drain) and Vg (gate) are drawn in to indicate
the typical measurement configuration.
Figure 1 shows the linear-response two-terminal con-
ductance, G, versus gate voltage, Vg, at magnetic field
B = 0 and temperature T = 100 mK.  It exhibits a series
of sharp Coulomb blockade oscillations [2,8,9] that oc-
cur each time an electron is added to the nanotube dot.
For T <~ 10 K all the peaks have the same width, pro-
portional to T [9], and a T-independent area, indicating
that the level spacing DE is >> kBT and that transport is
through a single quantum level.  We deduce that the dot
electrostatic potential Vdot is linearly related to Vg, with a
coefficient a º dVdot/dVg = 0.09.
Figure 2 (a) is a greyscale plot of the differential con-
ductance dI/ V as a function of V and Vg at B = 0.  Dark
2lines here are loci of peaks in dI/dV.  Crosses P0 and
P1 are formed by the identically labeled Coulomb
peaks in Figure 1.  The interpretation of such a plot in
the CI model is well known [3].  Each line is produced
by the alignment of a quantized energy level in the dot
with the Fermi level in a contact.  From the spacing of
the lines we infer a typical level spacing DE ~ 5 meV,
and from the average Coulomb peak spacing we obtain
a charging energy U ~ 25 meV.  These values are con-
sistent with expectations based on previous measure-
ments [8,9] for a 100-200 nm length of tube.  Thus we
find as before [9] that the portion of nanotube rope
forming the dot appears roughly equal in length to the
distance between the contacts (nominally 200 nm.)
Figure 2 (b) shows the results of the same meas-
urement at B = 5 T.   Most of the lines observed at
B = 0 have split into parallel pairs.  The splitting is
linearly proportional to B.  This can be seen in Figure
2 (c), where the relative positions of the peaks in dI/dV
at V = -7 mV (dotted line in Figure 2 (a)) are plotted as
a function of B.  One group of peaks (denoted by open
symbols) moves downwards in Vg relative to the other
(solid symbols) by an amount proportional to B.  Note
that not all the lines at B = 0 split.  Over a series of ten
consecutive crosses in the range -2 V < Vg < +1 V
[11], the following pattern emerges: on alternate
peaks, (P0, P2, etc.,) the leftmost lines in the cross
(such as T) do not split, while on the other peaks, (P1,
P3, etc.,) the rightmost lines (such as Z) do not split.
These measurements can be used to obtain infor-
mation about the ground-state spin SN of the dot with
N electrons, as we now discuss.   The analysis is based
on the following spin selection rules: since the tun-
neling electron carries spin 1/2, both the total spin, S,
and its component along the magnetic field axis, Sz,
must change by ±1/2 for observable transitions [12].
The energy required for a tunneling process is the
energy difference between the N- and (N+1)-electron
states.  In the absence of orbital effects [13], this de-
pends on B only through the Zeeman term –gmBBDSz,
where g is the electronic g-factor, DSz is the change in Sz
and mB is the Bohr magneton.  In Figure 2 (c) we there-
fore associate the open-symbol transitions with
DSz = +1/2 and the closed-symbol transitions with
DSz = -1/2.  Fitting their separation to gmBB/a yields
g = 2.04 ± 0.05, which is consistent with g = 2.0 for
graphite and with the value g = 1.9 ± 0.2 obtained previ-
ously for a single excited state in a nanotube [8].
From the pattern of splittings of the lowest-energy
transitions (the edges of the crosses in Figure 2 (a)) one
can deduce the change in ground-state spin, DS = SN+1-SN
= ±1/2, across each Coulomb peak.  The reason is as
follows [1].  First consider an electron tunneling into the
N-electron ground state in a magnetic field, where ini-
tially the total spin is aligned with the field, so that
Sz = -SN.  For the case DS = +1/2, after tunneling Sz may
be either -SN-1/2 or -SN+1/2.  The corresponding line
therefore splits with B.  However, for the case DS = -1/2,
only Sz = -S+1/2 is possible for the final state, because of
the requirement |Sz| £ SN+1 = S-1/2.  The corresponding
line therefore does not split with B.  A similar argument
for an electron tunneling out of the N+1 ground state
shows that if DS = -1/2 the line splits, while if DS = +1/2
it does not.  To summarize: if DS = +1/2 for a Coulomb
peak, the lines on the right edge of the cross do not split,
while if DS = -1/2 the lines on the left edge do not split.
This general result is also predicted by the CI model,
s indicated in Figure 3.  If N is even, SN = 0, and the
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FIG. 1. (a) Conductance G of a nanotube rope vs gate voltage Vg.
Inset: AFM image of a device with schematic wires added.
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FIG. 2. (a) Greyscale plot of the differential conduc-
tance dI/dV of Coulomb peaks P0 and P1 at B = 0
(darker = more positive dI/dV.)  (b) Same as (a) but at
B = 5 T.  (c) B-dependence of the relative positions of
the peak in dI/ V labeled T-Z in (a), at a bias of V = -7
mV as indicated by the dashed line in (a).  On the x-
axis we plot DVg = Vg - VgT, where VgT is the position of
peak T, to remove unreproducible temporal drift of the
characteristics along the Vg - axis.
3next electron can be added to either spin-up or spin-
down state of the next orbital level (left sketch), re-
sulting in SN+1 = 1/2.  On the other hand, if N is odd, SN
= 1/2 and the next electron can only be added to the
one empty spin state of that level (right sketch), re-
sulting in SN+1 = 0.  A corresponding story can be told
for removing an electron.  The predicted pattern of
splittings is the same as in the previous paragraph, but
with the additional implication that N is even if
DS = +1/2 and odd if DS = -1/2.
Comparing the above predictions with Figure 2, we
find that DS = +1/2 for peak P0 and DS =-1/2 for peak
P1.  Since the pattern of splitting alternates between
the two types over ten Coulomb peaks, we deduce that
SN oscillates between some value S0 andS0+1/2 as ten
successive electrons are added.  We cannot rule out the
possibility that S0 is finite.  However, since polariza-
tion of a system is usually related to states near the
Fermi level, and in this system we see the spin alter-
nating as these states are filled, it is most likely that
that S0 = 0, as in the CI model.  If this is the case, the
behavior is consistent with the prediction of Ref. [6]
for 1D electrons: the ground state spin alternates be-
tween 0 and 1/2. This is our principal result.  W  sub-
sequently describe Coulomb peaks where N c anges
from odd to even (P0, P2, etc.) as even peaks, because
the added electron is even.  Peaks P1, P3, etc. we call
odd peaks, because the added electron is odd.  This is
indicated in Figure 3.
The alternating spin of the ground state should also
be reflected in the I-V characteristics at zero magnetic
field, if the source and drain contacts have different
tunnel resistances.  If, for instance, the source contact
dominates the resistance, the magnitude of the current
I- at negative source bias V is determined by transitions
from the N to the N+1 electron ground state, as long as
the bias is less than the level spacing.  On the other
hand, the current I+ at positive V is determined by tran-
sitions from the N+1 to the N electron ground state.
The ratio b = I+/I- therefore reflects the differences
caused by the spin selection rules in these two situa-
tions.  This can easily be understood in the CI model,
as illustrated for an even peak (DS = -1/2) in Figure 4
(a).  For negative V (left sketch) an electron tunneling
in from the source can only go into one available spin
state.  On the other hand, for positive V (right sketch),
either of two electrons can tunnel out.  The current is
therefore larger for positive V.  An elementary calcul-
tion gives b = (Gs+2Gd)/(2Gs+Gd), where Gs and Gd are
the source and drain barrier conductances respectively.
For Gs < Gd, this predicts 1 < b 2.  In contrast, for an
odd peak (DS = +1/2), the inverse ratio is found, and
1/2 < b < 1 is predicted.
The solid line in figure 4 (b) is the I-V characteristic
measured at the center of peak P0.  Near V = 0, the I-V is
ohmic, but for |V| >~ 0.5 mV the current saturates into a
slowly varying form.  The saturation current is larger for
positive than for negative V.  Moreover, if the same data
is plotted (dashed line) with the current scaled by a fac-
tor -b, where b = 1.57, the I-V’s in the two bias direc-
tions can be brought onto the same interpolated curve
(do ted line.)  For each peak an appropriate value of b
can be chosen to achieve a similar matching.  The results
are plotted in the top panel of Figure 4 (c).  We find that
1 < b < 2 for P0 and P2, while 1/2 < b < 1 for P1 and P3.
Comparing these values with the predictions for b = I+/I-
U+DE
gmBB
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FIG. 3. Explanation of splitting pattern within the CB
model.  The lowest-energy transition splits for an odd
peak (N changes from even to odd) but not for an even
peak  (N changes from odd.to even.)
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FIG. 4. (a) Current flow at high bias in the CI model.  Only the
larger barrier, between source and dot, is drawn.  (b) Solid
line: I-V measured at the center of peak P0 in Figure 1.  Dotted
line: the same trace with I multiplied by -b = -1.57.  (c)
Lower: expanded view of the peaks P0 - P3.  Upper: measured
values of b for these peaks.  The oscillating value of b implies
that successive electrons are added with opposite spin direc-
tions (see text).
4in the previous paragraph, we see that they are per-
fectly consistent with our assignments of DS = +1/2 or
-1/2 from the Zeeman splitting [14].
We have seen from the Zeeman splitting and the
I-V characteristics that the ground state spin behaves
as is predicted by the CI model.  However, this implies
not that effects such as exchange are small, but only
that they do not change the spin of the N-electron
ground state of the system.  Exchange might for in-
stance be manifested in the excited state spectra, where
one would anticipate a difference between even and
odd peaks.  For odd peaks, the added electron simply
goes into higher unoccupied orbital levels, giving rise
to a single-particle spectrum.  For even peaks, how-
ever, the added electron can form singlet and triplet
states with the original unpaired electron, leading to
exchange splitting.  A singlet-triplet splitting has in-
deed been seen in the excitation spectra of semicon-
ductor dots [15]. We observe indications of this pre-
dicted behavior in peaks P0-P3.  The lowest excited
states visible at negative V on even peaks in each case
form a pair (such as lines U and V on peak P0 in Fig-
ure 2(a)), while those on odd peaks do not (such as
line Y on P1).  This will be investigated further in fu-
ture work.
A contradiction with the CI model is also seen in
the peak heights.  These are predicted to be identical
for a pair of peaks arising from a single orbital level
[16].  However, we find that the odd peaks tend to be
considerably larger than the even peaks, as apparent in
Figure 4 (c).  This behavior is not understood and de-
serves further investigation.
In summary, our transport measurements of a short
nanotube quantum dot show that the ground state of
this 1D electronic system alternates between S = 0 and
S = 1/2.  A variety of even-odd effects are seen in the
addition spectrum, some of which, such as an
alternation of the peak heights, require explanations
beyond the simple Coulomb blockade picture.
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